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Electrodeposition of poly(3,4-ethylenedioxythiophene) onto con-
ducting plastic allows the cheap and facile synthesis of plastic
cathodes for dye-sensitised solar cells, having excellent solar cell
eﬃciency (8%), at a fraction of the cost of platinised plastic.
Dye-sensitized solar cells (DSSCs) are an increasingly promising
alternative to commercially available silicon solar cells.1–3
However, the wide-spread utilization of DSSCs is dependent
on the development of cheaper, more eﬃcient devices. Currently
the most expensive component of DSSCs is the conducting
glass (e.g. ﬂuorine-doped tin oxide, FTO) used as the anode
and cathode substrates. The use of plastic substrates has
signiﬁcant potential advantages in terms of device ﬂexibility,
reduced weight and lower production costs through the develop-
ment of reel-to-reel manufacturing processes. The dependence
on a platinum catalytic layer on the cathode, to catalyze the
conversion of I3
 back to I in the redox electrolyte, is also
extremely problematic. Not only is platinum an increasingly
scarce resource but the thermal treatment that is required
for the synthesis of conventional platinised glass counter
electrodes—typically 450 1C for 15 minutes to produce the
transparent Pt layer from H2PtCl6—prohibits the use of this
technique for plastic substrates.
PEDOT (poly(3,4-ethylenedioxythiophene)) is known to be
a potential replacement for Pt when used as the catalytic layer
on the counter electrode,4–8 and may also be used as the hole
transport material in DSSCs.9 However, the widespread use of
PEDOT as the electrocatalyst in DSSCs has been hampered by
insuﬃcient performance and processability. The majority of
research into the development of PEDOT counter electrodes
has focused on the use of chemically synthesized PEDOT,
dispersed into a solvent, coated onto a conducting substrate
and dried at elevated temperatures.10–14 However, to date the
maximum eﬃciency of DSSCs using chemically synthesized
PEDOT on a conducting plastic substrate is only 4.38%.13
The use of commercially available PEDOT:PSS coated onto
non-conducting polyester foil has also been investigated but
the performance of the cell was very poor (0.05%).4
Compared to chemical polymerization, the electrodeposition
of a conducting polymer is considerably more cost eﬀective
and eﬃcient and allows more control over the morphology of
the resultant ﬁlm. To date, there have been only two studies
into the electrochemical synthesis of PEDOT for use as the
electrocatalyst in DSSCs with liquid electrolytes, and both still
relied on the use of conducting glass substrates and relatively
long electrodeposition times (30 to 120 seconds).15,16 Here we
report the ﬁrst electrodeposition of PEDOT onto conducting
plastic (ITO-PEN), with short electrodeposition times that are,
therefore, suitable for reel-to-reel manufacturing processes,
and the use of these plastic cathodes in DSSCs containing
either acetonitrile or ionic liquid based electrolytes. Synthesis
of these electrodes is extremely facile and amenable to scale-
up, with electrodeposition times of as little as 5 seconds being
suﬃcient to yield an electrocatalytic PEDOT layer. This is the
ﬁrst reported use of electrodeposited PEDOT on plastic
counter electrodes, and the eﬃciencies obtained are equivalent
to those obtained using platinised FTO glass electrodes
(8% using an acetonitrile-based electrolyte). We also report
the ﬁrst use of electrochemically deposited PEDOT counter
electrodes with ionic-liquid based electrolytes, for enhanced
stability, with eﬃciencies of over 5.7%. The stability of the
ionic liquid DSSCs is also very promising.
The PEDOT ﬁlms were synthesized by electrodeposition
onto ITO-PEN plastic from an acetonitrile solution containing
the EDOT monomer (0.1 M) and a supporting electrolyte
(lithium bis(triﬂuoromethanesulfonyl)amide, 0.1 M), with a
large surface area Pt counter electrode and a Ag wire pseudo
reference electrode. The ﬁlms were grown by application of a
constant current as this gave more homogenous ﬁlms than
those obtained using constant potential or cyclic voltammetry.
Variation of the deposition time allows control over the
roughness of the PEDOT layer; proﬁlometry indicates that a
Fig. 1 (a) SEM of a PEDOT-on-ITO-PEN ﬁlm (30 second deposition
time) showing the coated and uncoated areas of the ITO-PEN plastic;
(b) proﬁlometry of the PEDOT on ITO-PEN plastic showing ﬁlm
roughness; and (c) photograph of the ﬁlms (width 1.2 cm each)
electrodeposited for diﬀerent times (from left to right 5, 10, 15, 30
and 45 seconds) showing the transparency and colour of the ﬁlms.
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ﬁlm roughness of between ca. 0.03 mm and 2 mm is achievable
by varying the deposition times between 5 and 45 seconds (see
ESIw). SEM analysis (Fig. 1a) and proﬁlometry (Fig. 1b) show
the roughness and morphology of the PEDOT layer on the
ITO-PEN. The colour and transparency of the PEDOT ﬁlms
also varies according to the deposition time (Fig. 1c).
SEM analysis of the PEDOT ﬁlms clearly shows the
inﬂuence of electrodeposition time on the ﬁlm morphology
(Fig. 2); this is consistent with the proﬁlometric analysis,
which indicates increased roughness with increased deposition
time. SEM analysis suggests that the PEDOT ﬁlm is composed
of a dense lower layer, with a rougher, more granular layer on
top. This morphology is consistent with an instantaneous 2D
growth mechanism, as a result of soluble oligomer growth at
the ITO-PEN electrode and subsequent oligomer deposition
onto the electrode at some critical chain length to form a
compact ﬁlm, followed by progressive 3D nucleation and
growth which aﬀords the more granular morphology, as
reported for other conducting polymers.17–21 Electrochemical
analysis of the PEDOT ﬁlms shows that the electrochemical
activity increases linearly with deposition time (see ESIw) and
thus both the granular PEDOT and the denser lower layer
contribute to the electrochemical activity of the PEDOT.
The activity of the PEDOT-on-ITO-PEN electrodes towards
the electrocatalysis of the I/I3
 redox reaction can be easily
assessed electrochemically by comparison of the cyclic voltammo-
grams of the I/I3
 redox couple (Fig. 3). The cyclic voltammo-
grams clearly show that the PEDOT-coated ITO-PEN can
electrocatalyse the I/I3
 redox couple as eﬀectively as
Pt-coated FTO glass or the commercially available Pt/Ti alloy
coated PEN ﬁlm.22 As expected, the plain ITO-PEN ﬁlm
shows no electrocatalytic activity towards this redox couple.
The cyclic voltammograms of the I/I3
 redox couple in
acetonitrile using diﬀerent PEDOT-on-ITO-PEN ﬁlms show
little change in the peak currents with the diﬀerent ﬁlm
roughnesses (see ESIw), indicating that all of the PEDOT ﬁlms
are suﬃciently electrocatalytic such that the process is limited
by diﬀusion and not by the electrocatalytic activity of the
PEDOT electrodes.
Comparison of the performance of the DSSCs, utilizing an
acetonitrile-based electrolyte, and either the new PEDOT-on-
ITO-PEN plastic counter electrodes or the standard platinised
FTO glass counter electrodes, with standard FTO glass working
electrodes, is shown in Fig 4. Signiﬁcantly, the new PEDOT-
on-ITO-PEN plastic counter electrodes perform equivalently
or better than the standard platinised FTO glass counter
electrodes, or the commercially available Pt/Ti alloy on
ITO-PEN22 (Table 1). We observed no statistically signiﬁcant
inﬂuence of the deposition time of the PEDOT layer (from 5 to
30 seconds) on the performance of the DSSC, in concordance
with the observations, above, that the PEDOT-on-ITO-PEN
cathodes are suﬃciently electrocatalytic that this is not the
limiting factor in determining the eﬃciency of the solar cell.
In the drive towards the commercialization and widespread
use of DSSCs it is essential for the devices to exhibit suﬃcient
performance lifetimes. Thus, there is a strong drive towards the
use of ionic liquid-based electrolytes as they eliminate the need
for volatile organic solvents such as acetonitrile and have the
potential to signiﬁcantly extend the lifetime of the solar cells.
However, the higher viscosity of the ionic liquids does reduce
the eﬃciency of the solar cells as a result of mass transport
limitations.23,24
The performance of the new PEDOT-on-ITO-PEN electrodes
was assessed using two diﬀerent kinds of ionic liquid-based
electrolyte; one utilizing the 1-ethyl-3-methyl imidazolium thio-
cyanate ([C2mim][SCN]) ionic liquid, and one with the 1-ethyl-3-
methylimidazolium tetracyanoborate ([C2mim][B(CN)4]) ionic
liquid (see ESIw for full compositional information).25 In both
cases the DSSCs achieved eﬃciencies of more than 5%; the
less viscous [C2mim][B(CN)4] mixture gave an eﬃciency of
5.7% using a PEDOT-on-ITO-PEN ﬁlm deposited for only
5 seconds. Again, no statistically signiﬁcant eﬀect of ﬁlm
growth time (from 5 to 30 seconds) was observed; it is
postulated that diﬀusion of the redox couple through the ionic
liquid is the limiting factor in these DSSCs. With both ILs the
Fig. 2 SEM images of PEDOT-on-ITO-PEN grown for (left to right)
5, 10, 15, 30 and 45 seconds.
Fig. 3 Cyclic voltammograms of PEDOT-on-ITO-PEN (10 seconds
electrodeposition) compared to the platinised FTO glass and the Pt/Ti
alloy on ITO-PEN, showing the I/I3
 redox couple in acetonitrile.
Fig. 4 The photocurrent–voltage curves for DSSCs utilizing an
acetonitrile based electrolyte with either the PEDOT-on-ITO-PEN
plastic (10 seconds deposition time) or platinised FTO glass counter
electrodes.











































new PEDOT-on-ITO-PEN plastic electrodes performed
equivalently or better than platinised FTO glass or the com-
mercially available Pt/Ti alloy on ITO-PEN.22 It should be
noted that the commercially available Pt/Ti alloy on ITO-PEN
retails at nearly 10 times the price of ITO-PEN, thus the
PEDOT-coated ITO-PEN is a signiﬁcantly cheaper and more
eﬀective alternative.
Finally, as an initial analysis of the stability of these new
PEDOT-on-ITO-PEN plastic cathodes a solar cell from the
same batch of the [C2mim][SCN]-based DSSCs was retested
after four and a half months storage in air, kept in the dark
but with no additional sealing, and the solar cell exhibited
eﬃciencies of 5.2% (see ESIw). This is an extremely promising
result in terms of the potential stability of these new plastic
counter electrodes, and preparations for the extended lifetime
testing of the diﬀerent DSSCs under full light irradiation are
underway.
In summary, we have demonstrated the facile synthesis of
new PEDOT-on-ITO-PEN plastic counter electrodes that
perform equivalently to standard platinised FTO glass counter
electrodes in both acetonitrile- and ionic liquid-based DSSCs.
The stability of the latter cells is also very promising. Further-
more, as the PEDOT is prepared by electrodeposition, rather
than chemical polymerization, and very short (5 second)
electrodeposition times are suﬃcient to yield an electrocatalyti-
cally active PEDOT ﬁlm, these cathodes are potentially very
cost-eﬀective and suitable for reel-to-reel synthesis.
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2 14.0 13.8 14.1 9.4 9.7 9.9 11.1 9.6 10.9
Voc/mV 783.2 805.3 787.1 682.8 718.9 698.7 656.7 664.6 713.8
Fill factor 0.72 0.61 0.73 0.75 0.64 0.73 0.76 0.72 0.74
Eﬃciency (%) 7.9 6.79 8.0 4.8 4.5 5.0 5.6 4.6 5.7
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